Fatty acid synthase (FAS) catalyzes the de novo synthesis of fatty acids. In the liver, FAS has long been categorized as a housekeeping protein, producing fat for storage of energy when nutrients are present in excess. Most previous studies of FAS regulation have focused on the control of gene expression. However, recent findings suggest that hepatic FAS may also be involved in signaling processes that include activation of peroxisome proliferator-activated receptor α (PPARα). Moreover, reports of rapid alterations in FAS activity and as well as findings of post-translational modifications of the FAS protein support the notion that dynamic events in addition to transcription impact FAS regulation. These results indicate that FAS enzyme activity can impact liver physiology through signaling as well as energy storage and that its regulation may be complex.
Introduction
The liver is involved in the uptake, synthesis, storage, secretion, and catabolism of fatty acids and triglycerides. Fatty acid synthase (FAS), the enzyme catalyzing de novo synthesis of fatty acids, is traditionally thought of as a housekeeping protein, producing fatty acids that can be used for energy storage, membrane assembly and repair, and secretion in the form of lipoprotein triglycerides. However, the contribution by FAS to secreted triglycerides appears to be negligible compared to other sources of fat under common dietary conditions. An unexpected role for FAS as a signaling enzyme emerged with the finding that FAS can affect fatty acid oxidation through PPARα, the main mediator of the fasting response in the liver.
The possibility that FAS may be involved in promoting fat catabolism in addition to its known function of synthesizing fat raises new questions regarding the regulation of FAS. Are there multiple pools of FAS with distinct functions, allowing separate control of FASmediated signaling and FAS-mediated energy storage? How is FAS-PPARα signaling regulated in response to nutritional and hormonal stimuli, and how is it possible for FAS to be activated or inhibited rapidly? FAS has been thought to be regulated mostly at the transcriptional level, which might preclude an immediate response by FAS to changes in nutritional or hormonal stimuli since FAS mRNA is fairly stable. A role for FAS in signaling suggests the presence of rapid, post-translational mechanisms of FAS regulation. This review will address physiological functions of hepatic FAS, its regulation by nutrients and hormones, and mechanisms of regulation.
FAS may be a therapeutic target for treating fatty liver and dyslipidemia [1] . Both are common features of the metabolic syndrome [2, 3] , which affects ~1 in 4 Americans [4] . Both are also independent risk factors for coronary artery disease [5] [6] [7] , the most common cause of death worldwide. Identification of regulatory proteins and pathways distinguishing housekeeping FAS from signaling FAS could potentially lead to novel therapeutics that selectively target FAS function.
Hepatic triglyceride metabolism
Under nutrient-replete conditions, the primary fuel of the liver is glucose rather than fat. Fatty acids are not subjected to β-oxidation and instead are incorporated into triglycerides for storage in lipid droplets or secretion in very low-density lipoproteins (VLDL). Dietary fat in the form of chylomicron remnants is taken up by the liver; de novo synthesis of fatty acids by FAS may make a modest contribution to storing energy as fat when nutrients are present in excess.
During fasting, lipolysis in peripheral tissues (primarily adipose tissue) increases the levels of plasma free fatty acids (FFAs), which are taken up by the liver. Activation of the transcription factor peroxisome proliferator-activated receptor α (PPARα) mediates the adaptive response to fasting by promoting the transcription of genes involved in the uptake and catabolism of fatty acids [8] [9] [10] [11] . Fatty acids derived from peripheral tissues or intrahepatic lipid droplets are catabolized through β-oxidation to produce ketone bodies, which are used as fuel when glucose is scarce.
In insulin resistance, insulin fails to suppress lipolysis in peripheral tissues even when nutrients are abundant, resulting in high circulating levels of FFAs that are taken up by the liver. Increased FFA uptake and perhaps increased de novo synthesis of fat in the liver overwhelms the capacity for fatty acid oxidation, leading to fat accumulation and eventually the development of hepatosteatosis or fatty liver.
There are thus three main sources of FFAs that contribute to liver triglyceride: plasma, de novo synthesis, and dietary fat delivered by chylomicron remnants. Triglycerides are secreted in VLDL, stored in lipid droplets, or catabolized through the action of lipases and β-oxidation. Fatty acid synthase appears to participate in liver triglyceride metabolism both by contributing de novo synthesized lipids for storage and secretion under nutrient-replete conditions and by promoting β-oxidation of fatty acids through activation of PPARα under nutrient-deficient conditions.
Fatty acid synthase
Fatty acid synthase (FAS, encoded by Fasn) catalyzes the biosynthesis of saturated fatty acids from simple precursors (de novo lipogenesis). The primary product of the FAS reaction is palmitate (C16:0), but stearate (C18:0) and shorter fatty acids may also be produced. FAS substrates are acetyl-CoA, malonyl-CoA, and NADPH. Acetyl-CoA functions as a primer for the reaction, while NADPH provides reducing equivalents. The fatty acid is elongated from the initial acetyl-CoA by repeated condensations with malonylCoA, which donates two carbons in each cycle of condensation. Palmitate synthesis thus requires seven cycles of malonyl-CoA addition to an acetyl-CoA primer to yield a saturated, 16-carbon fatty acid.
The FAS protein exists as a homodimer of 273 kDa subunits. Each monomer contains seven protein domains required for fatty acid synthesis: acyl carrier, acyl transferase, β-ketoacyl synthase, β-ketoacyl reductase, β-hydroxylacyl dehydratase, enoyl reductase, and thioesterase [12] (reviewed in [13] [14] [15] ). However, FAS is only enzymatically active in the dimeric form [12] . The monomers were initially thought to be oriented head-to-tail to form the dimer [16, 17] , but recent structural data demonstrate a head-to-head orientation of the monomers that are intertwined at their middle to form an X-shape [18] [19] [20] [21] . Mammalian FAS is a type I FAS complex with the domains consolidated in a single peptide; prokaryotes and yeast have a type II FAS with separate proteins catalyzing the individual reactions. Type II FAS complexes capable of synthesizing short-chain (up to 14 carbons) fatty acids are also found in mammalian mitochondria [22] .
FAS is a soluble protein and thought to be localized in the cytoplasm, although the specifics of its subcellular localization are largely unexplored. Its tissue distribution is broad with highest levels in the liver, adipose tissue, and lungs [23, 24] . Whole-body knockout of FAS causes embryonic lethality in mice, suggesting that de novo lipogenesis is necessary early during development [25] . A likely possibility is that FAS is required to provide lipids for cell membranes of the growing embryo. Viable tissue-specific FAS knockout mice have been generated, including a liver-specific knockout (discussed below).
Function of FAS in hepatic lipid metabolism

Contribution of de novo synthesized lipids to stored and secreted hepatic triglycerides
Hepatic FAS synthesizes lipids that are stored as lipid droplets or secreted in VLDL in the fed state. In mice, the contribution of liver FAS to secreted VLDL is minor. Ob/ob mice have 10-fold increased hepatic de novo lipogenesis compared to lean mice, but no significant differences in serum triglycerides [26] . In mice with liver-specific knockout of FAS (FASKOL mice), serum triglycerides are normal on a chow diet [27] .
The contribution of de novo lipogenesis to secreted triglycerides has been studied in humans in the setting of various diets. On diets low in fat and high in carbohydrate (10% of calories as fat and 75% as carbohydrate), de novo lipogenesis makes a significant contribution to circulating lipids as almost half of VLDL triglyceride is derived from de novo lipogenesis under these conditions [28] . However, a typical Western diet is high in fat as well as carbohydrates. In similar studies using diets higher in fat (30% fat, 55% carbohydrate or 40% fat, 45% carbohydrate), the contribution of de novo lipogenesis to VLDL triglycerides is undetectable or minor, at 0-10% [28, 29] . These diets are more representative of the high fat, high carbohydrate content of a typical Western diet, indicating that under common dietary conditions, de novo lipogenesis is not a significant contributor to VLDL triglycerides. Substituting starch for sugar in a high-carbohydrate diet also decreases the contribution of de novo lipogenesis to 0-1% or 5% [30, 31] . Obese individuals do not appear to have increased FAS-derived VLDL triglycerides compared to lean individuals [29] . Under the high-fat, high-carbohydrate dietary conditions common in the Western world today, hepatic FAS thus appears to be a minor contributor to VLDL triglycerides.
FAS may contribute to triglycerides stored in hepatic lipid droplets. In rats fed a chow diet, 11 ± 1% of hepatic triglycerides are derived from de novo lipogenesis [32] . On a high-fat diet, de novo lipogenesis is suppressed and only 1.0 ± 0.2% of hepatic triglycerides are derived from FAS [32] . FASKOL mice on a chow diet have normal, rather than decreased, liver triglyceride content [27] . It thus appears that the contribution of de novo lipogenesis to stored triglycerides is small in healthy liver.
In fatty liver, the contribution of FAS to intrahepatic triglycerides may be greater. Ob/ob mice have increased hepatic FAS activity and fatty liver [33] , but a mechanistic link between the two has not been established. In humans with non-alcoholic fatty liver disease, one group has reported that 26 ± 7% of hepatic triglycerides are derived from de novo lipogenesis [34] . It is unknown how this compares to the triglyceride content of healthy human liver. However, even in the setting of hepatic over-accumulation of fat, the contribution of FAS appears to be less than that of fats derived from peripheral tissues or dietary fat.
Regulation of triglyceride metabolism through signaling lipids: ligand activation of PPARα
PPARα is a member of a family of ligand-activated nuclear receptors important for modulating metabolism and inflammation. During fasting, PPARα promotes lipid uptake and catabolism of fatty acids through β-oxidation to produce ketone bodies [9] [10] [11] .
When liver-specific fatty acid synthase knockout (FASKOL) mice were generated, they were surprisingly not protected against hepatic lipid accumulation, but instead developed severe hepatic steatosis when on a zero-fat diet or with prolonged fasting [35] . The phenotype of fasted or zero-fat diet-fed FASKOL mice is similar to that of PPARα null mice: hypoglycemia, low serum ketone levels, marked hepatic steatosis, and deficient hepatic fatty acid oxidation [10, 35] . Much of this phenotype was corrected by administration of a known PPARα ligand. The deficient PPARα activation in the absence of both FAS and dietary fat led to the hypothesis that "new" fat, derived from de novo lipogenesis or dietary fat, can activate PPARα, whereas "old" fat, derived from peripheral tissues or stored in the liver, cannot. Hydrolysis of hepatic triglycerides has also been shown to mediate PPARα activation [36] , suggesting that triglycerides of different origins (de novo synthesis vs. free fatty acids entering the liver following lipolysis in peripheral tissues) may occupy separate compartments in the hepatocyte. In addition to activating PPARα in liver, FAS has been shown to regulate PPARα in macrophages [37] and hypothalamus [38] as well.
Further study of the FASKOL mouse led to the identification of an endogenous ligand for hepatic PPARα: the phosphatidylcholine species 16:0/18:1-glycerophosphocholine [27] . The interaction of this species with PPARα is dependent on the activity of FAS, and inactivation of choline/ethanolamine phosphotransferase 1 (CEPT1), an enzyme catalyzing the final step in phosphatidylcholine biosynthesis, mimics the FASKOL phenotype [27] . FAS thus appears to contribute to PPARα activity by promoting the synthesis of one of its ligands.
A summary of the impact of FAS on hepatic triglyceride metabolism is presented in Figure  1 .
Modulating hepatic FAS to treat disease
Ob/ob mice have increased hepatic FAS gene expression as well as increased hepatic FAS activity compared to lean mice [33] . Knockdown of the transcription factor carbohydrate response element binding protein (ChREBP), which promotes the expression of FAS as well as other genes, in ob/ob liver decreases hepatic lipid accumulation and decreases hepatic lipogenesis, suggesting a link between de novo lipogenesis by FAS and fatty liver [39] . However, in a gene expression profiling study of ob/ob animals separated into high glucose and lower glucose groups, mice with lower sugars (and thus likely to be more insulin sensitive) had higher hepatic expression levels of genes encoding lipogenic enzymes, including FAS, as compared to mice with higher sugars [40] . This finding suggests that while activation of lipogenic enzymes in the liver is associated with obesity, this effect is unlikely to be mechanistically linked to insulin resistance.
FAS inhibitors have been tested in mouse models of obesity and diabetes. Treatment of lean or obese mice with the FAS inhibitor C75 causes dramatic weight loss and improvement of hepatic steatosis in obese mice. However, the effect is primarily mediated by reduced food intake through inhibition of hypothalamic FAS (in addition to possible effects of this particular agent that are independent of FAS), obscuring the potential effects of inhibiting hepatic FAS [41] .
The FAS inhibitor platensimycin is concentrated in the liver when administered orally and does not affect food intake [1] . Treatment of high-fructose diet-fed db/db mice with platensimycin reduces hepatic FAS activity, hepatic lipid accumulation, and hepatic fatty acid oxidation [1] . These data are consistent with roles for hepatic FAS both as a producer of fat that may accumulate in liver, and as a generator of lipid signals to nuclear receptors such as PPARα.
These data also highlight a caveat when considering FAS inhibitors as therapy for hepatic steatosis: inhibition of FAS can affect both lipid storage and lipid catabolism, and under conditions where baseline FAS activity is not particularly high, loss of FAS activity might aggravate rather than ameliorate hepatic steatosis, as seen in the liver-specific FAS knockout mice [35] .
Regulation of FAS activity
Transcriptional regulation of FAS has been well characterized, but little is known about the post-translational regulation of FAS activity. Similarly, long-term effects of hormones and nutrients on FAS expression are clear but their immediate effects are poorly understood.
Hormonal and nutritional regulation of FAS
Hepatic FAS is known to be regulated by insulin, glucagon, cyclic AMP, fructose, glucose, and dietary fat.
Re-feeding mice or rats a high-carbohydrate diet following a prolonged fast causes a robust induction of FAS expression as compared to the fasted or the ad lib-fed state [42] [43] [44] [45] . The effect of carbohydrate re-feeding is mediated by both insulin and glucose. Insulin regulates FAS through transcriptional and non-transcriptional mechanisms. Under nutrient-replete conditions, de novo lipogenesis may promote storage of excess energy in the form of hepatic triglycerides. Insulin promotes FAS expression through activation of the transcription factors sterol regulatory element binding protein 1c (SREBP-1c) [46] and upstream stimulatory factors 1 and 2 (USF1 and USF2) [47, 48] . Conversely, glucagon and cyclic AMP inhibit the increase in FAS activity induced by carbohydrate re-feeding in rats [42, 49, 50] .
The effect of fasting compared to ad lib feeding on the activity of hepatic FAS is less clear. In mice, a 6 hour fast reduces FAS expression levels by 60% compared to ad lib feeding [44] , and in rats, a 24 hour fast reduces FAS expression by over 90% compared to ad lib feeding [45] . However, a 14 hour fast in mice produces no change in FAS activity compared to ad lib-fed mice [51] . One potential explanation for the lack of change in FAS activity in some circumstances could be a relatively long half-life for the FAS protein. It is possible that changes in FAS gene expression might have little effect on FAS enzyme activity in response to certain physiologically relevant periods of fasting as compared to the ad lib fed condition.
While insulin promotes the expression of FAS, insulin also acutely inhibits the enzymatic activity of hepatic FAS, causing a decrease in FAS activity within minutes [51] . This inhibition is dependent on the presence of the carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), which is phosphorylated in response to insulin and subsequently associates with FAS [51] . This acute inhibition of FAS by insulin is blunted in hyperinsulinemic ob/ob mice [51] . While a clear physiological role for this acute inhibition of FAS activity has not been determined, it is possible that the acute effect on FAS by insulin primarily affects FAS lipid signals that impact PPARα. Acute inhibition of FAS in response to insulin could then serve to halt the fasting response by PPARα and decrease fatty acid oxidation when nutrients are abundant. Because this acute change alters the specific activity of FAS, the effect is likely post-translationally mediated. In contrast, the long-term effect of insulin on FAS is transcriptionally mediated and promotes FAS expression, enabling increased storage of energy as fat.
Carbohydrates directly promote the expression of hepatic FAS in the liver in addition to having an indirect effect by stimulating insulin secretion. Feeding mice a high-glucose or high-fructose diet for one week leads to 3-fold and 8-fold, respectively, increases in FAS protein [52] . The effect of glucose on FAS expression is mediated by ChREBP [53] [54] [55] [56] . Hepatic metabolism of glucose by glucokinase (GK) is necessary for the glucose-mediated induction of FAS by ChREBP [57] . The insulin-induced activation of SREBP-1c and the glucose-induced activation of ChREBP act synergistically to promote FAS expression [57] . A connection between lipid/carbohydrate sensing and metabolism is suggested by the finding that stearoyl-CoA desaturase (SCD1), an enzyme catalyzing the synthesis of oleate, is involved in the carbohydrate-induced induction of FAS and other lipogenic enzymes [52] .
Dietary fats inhibit FAS expression to decrease de novo lipogenesis when fats are already abundant. Polyunsaturated fatty acids (PUFAs) may decrease FAS expression through inhibition of SREBP-1c [58] and ChREBP [59] activity. Diets consisting of 10% oil inhibit hepatic FAS activity when fed to rats of over the course of 4 weeks, with the greatest reduction in rats fed fish oil [60] . Re-feeding rats a carbohydrate-free, high-fat diet following fasting suppresses FAS gene expression to levels as low as those seen in rats fasted for 24 hours [45] .
Transcription and the FAS promoter
Much of the work on transcriptional regulation of FAS has been done in rats, but the FAS promoter is highly conserved between species suggesting that studies of the rat FAS promoter are likely to be relevant to mice and humans. Regulatory elements and transcription factor binding sites in the proximal mouse FAS promoter are shown in Figure  2 .
As noted above, SREBP-1c is activated by insulin and under appropriate conditions promotes expression of lipogenic genes, including FAS. The FAS promoter contains a sterol regulatory element (SRE) at −150 as well as tandem SREs at positions −72 and −62 that are required for optimal SREBP-1c-mediated activation of FAS expression in rats [61] [62] [63] .
An inverted CCAAT box at −94 is a binding site for nuclear factor Y (NF-Y) and is necessary for inhibition of FAS expression by cyclic AMP [64, 65] . A binding site for the transcription factor specificity factor 1 (Sp1) is located nearby at −91 [63] . NF-Y and Sp1 proteins interact [66] and mediate sterol-induced FAS expression synergistically with SREBP-1c [63, 67] . Another transcription factor, X-box binding protein 1 (XBP1), increases FAS promoter activity indirectly via SREBP-1c [68] . Also as noted above, ChREBP plays a central role in the glucose-induced transcriptional regulation of FAS as well as other lipogenic and glycolytic genes in the liver [53] [54] [55] [56] . Glucose promotes the nuclear translocation and activation of ChREBP, while polyunsaturated fatty acids and cyclic AMP inhibit ChREBP activity [59, 69] . ChREBP binds to a carbohydrate response element (ChRE) located at −7214 in the distal FAS promoter in rats to activate FAS transcription [70] . ChREBP appears to be the main regulator of glucose-induced FAS expression, as glucose fails to induce an increase in FAS expression in ChREBP-null hepatocytes [53] . Mice fed a high-fructose diet have similar amounts of nuclear ChREBP protein and ChRE-bound ChREBP protein compared to mice fed a high-glucose diet, suggesting that dietary fructose and glucose have comparable effects on ChREBP [71] .
In addition to the ChRE, a direct repeat-1 (DR-1) element located between −7110 and −7090 in the distal promoter of rat FAS is necessary for full glucose activation of FAS expression [72] . Hepatic nuclear factor-4α (HNF-4α) binds to the DR-1 element and interacts with ChREBP. Ablation of HNF-4α produces a corresponding decrease in glucoseinduced FAS expression [72] .
Liver X receptor (LXR), a transcription factor activated by oxysterols, upregulates FAS expression through direct and indirect mechanisms. Indirectly, LXR can promote FAS expression by binding to liver X receptor elements (LXREs) in the promoters of the SREBP [73] and ChREBP [74] genes to promote their transcription. SREBP and ChREBP in turn activate FAS transcription. The LXR-mediated activation of SREBP-1c is the primary mechanism of insulin-induced SREBP activation [73] . The physiological relevance of LXRmediated transcriptional regulation of ChREBP is debated, as LXR is not necessary for the glucose-induced activation of ChREBP [56] . LXR can also bind directly to LXREs located at positions −686 to −672 of the mouse FAS promoter to activate FAS transcription [75] .
An insulin response element (IRE) containing an E-box DNA binding motif is located at positions −71 to −50 of the FAS promoter, overlapping two tandem SREs. The IRE is necessary for insulin-induced FAS expression [76] . USF1 and USF2 bind to the IRE [48] . Mutation of the E-box prevents USF binding and abolishes insulin-induced FAS expression. However, the importance of USFs in insulin-stimulated FAS expression remains unclear, because mutation of the E-box also prevented SREBP-1c binding [47] .
Post-translational regulation of FAS
Transcriptional regulation of FAS may require hours to affect protein levels since both FAS mRNA and protein are fairly stable, buffering sudden changes due to increased transcription and subsequent translation.
There are several reports of FAS protein being activated or inhibited in far shorter time frames, as well as reports of changes in FAS activity that do not correlate with changes in FAS protein levels. Insulin acutely decreases FAS enzyme activity. In hepatoma cells, FAS activity decreases linearly from 2 to 15 minutes after insulin treatment, followed by a increase in FAS activity for 75 minutes [51] . Peroxynitrate inhibits FAS activity in adipocytes within 10 minutes, without any effect on FAS protein levels [77] . Activation and inhibition of FAS without corresponding changes in FAS protein levels have been reported in a variety of cancer cell lines [78] [79] [80] . These data suggest the presence of posttranslational regulation of FAS.
Phosphorylation has been proposed as a mechanism of FAS regulation in cancer cells, adipocytes, and liver. In livers from pigeons that were fasted and then re-fed, radiolabeled phosphate was incorporated into FAS only in the cytosolic fraction. The phosphorylation event was associated with low FAS activity, and dephosphorylation of FAS by incubation with phosphatases caused a 20-fold increase in FAS activity [81] . Another inhibitory phosphorylation was demonstrated in 3T3L1 adipocytes, where FAS threonine phosphorylation was associated with inhibition of FAS activity [77] . This phosphorylation event was shown to require AMP-activated kinase (AMPK), likely through indirect effects since in vitro kinase assays failed to demonstrate any incorporation of labeled phosphate into FAS in the presence of AMPK [77] . These findings suggest the presence of an unidentified intermediate kinase step.
In human and mouse breast cancer cell lines, the finding that large differences in FAS activity between cell lines did not correlate with FAS protein levels prompted an exploration of FAS phosphorylation as an alternative mechanism of FAS regulation [79] . Phosphoserine and phosphothreonine residues were detected in FAS in cell lines from both species, while FAS phosphotyrosine residues were detected in human cells only. Phosphorylation of FAS in these cell lines was associated with greater FAS activity [79] . Recently, tyrosine phosphorylation of FAS was noted in two different human breast cancer cell lines. Both FAS tyrosine phosphorylation and FAS activity were induced by overexpression of human epidermal growth factor receptor 2 (HER2) and decreased by HER2 inhibition, and FAS was phosphorylated when complexed with HER2 [80] .
In addition to phosphorylation, FAS was one of a large number of hepatic metabolic enzymes recently found to be lysine acetylated [82] . Acetylation was linked with diverse effects on metabolic enzymes, including protein destabilization, activation, and inhibition, suggesting that acetylation may play a major role in metabolic regulation. Acetylation of FAS could represent a novel mechanism for controlling its activity.
Known examples of post-translational regulation of FAS are summarized in Table 1 .
Conclusions and future directions
Hepatic FAS is generally thought to be a housekeeping protein, synthesizing fatty acids for the partitioning and storage of excess energy. However, the contribution of FAS to stored and secreted triglycerides is minor under most physiological conditions. Studies of mice deficient in hepatic FAS have demonstrated that FAS also serves as a signaling protein, controlling the activation of PPARα under nutrient-deficient conditions to promote the adaptive response to fasting.
FAS is regulated in part through effects on gene expression. However, rapid changes in enzyme activity associated with alterations in nutritional status suggest that posttranslational mechanisms underlie enzymatic responses to external stimuli. An approach to understanding these dynamic effects might include identifying post-translational modifications of FAS, characterizing FAS subcellular localization, searching for FAS interacting proteins, and pursuing other mechanisms that enable immediate control of FAS activity.
The existence of separate physiological functions for FAS implies that it might be possible to develop function-specific therapies. Exclusively modulating the cellular FAS pool that promotes fatty acid oxidation or exclusively modulating the pool that promotes synthesis of lipids for storage could provide new treatment options for fatty liver and other serious obesity-related conditions. Fatty acid synthase controls fatty acid catabolism through the synthesis of a ligand for PPARα, which activates fatty acid oxidation genes. FAS makes a minor contribution of lipids to stored and secreted triglycerides, with the major contributions coming from plasma free fatty acids and dietary fats from chylomicron remnants. 16:0/18:1 GPC, 16:0/18:1-glycerophosphocholine; DAG, diacylglycerol; FAS, fatty acid synthase; FFA, free fatty acid; PPARα, peroxisome proliferator-activated receptor alpha; RXR, retinoid X receptor; TAG, triacylglycerol (triglyceride); VLDL, very low-density lipoprotein. 
